The effect of silicon prenitridation on the growth of barium strontium titanate ͑BST͒ thin films prepared by rf-magnetron sputtering was investigated. The thermal nitridation of silicon using a N 2 O treatment followed by removing most of the SiO x N y sacrificial layer was employed. Only a 2 nm thick silicon oxynitride layer was left to serve as a buffer layer prior to BST sputter-deposition. The grain size of the as-deposited 30 nm BST thin film was very small, approximately 30-60 nm. The dielectric constant of the 30 nm BST thin films deposited on the Pt substrates was about 50. It was found that the equivalent oxide thickness of the BST metal-insulator-semiconductor capacitors with the prenitridation treatment was decreased by 12% and the leakage current density was lowered to 3 ϫ 10 −9 A/cm 2 at −1 MV/cm as compared to the non-nitrided samples. Moreover, the reliability issues such as interface traps, flat band voltage shift, capacitance-voltage hysteresis, and breakdown characteristics were also improved by the nitridation pretreatment. Recently, materials with high dielectric constant ͑high k͒ have become very promising as gate oxides because their physical thickness can be increased to lower the leakage current without the reduction of capacitance. Among them, the perovskite-type high-k materials such as SrTiO 3 ͑STO͒ and ͑Ba x Sr 1−x ͒TiO 3 ͑BST͒, have attracted great attention in applications such as high-k gate dielectrics, 1-3 ultrahigh density dynamic random access memory ͑DRAM͒ capacitors, 4 and microwave applications. 5 Moreover, BST possesses a very large dielectric constant which is suitable for realization of field effect transistor ͑FET͒-type ferroelectric random access memory ͑FeRAM͒.
Recently, materials with high dielectric constant ͑high k͒ have become very promising as gate oxides because their physical thickness can be increased to lower the leakage current without the reduction of capacitance. Among them, the perovskite-type high-k materials such as SrTiO 3 ͑STO͒ and ͑Ba x Sr 1−x ͒TiO 3 ͑BST͒, have attracted great attention in applications such as high-k gate dielectrics, [1] [2] [3] ultrahigh density dynamic random access memory ͑DRAM͒ capacitors, 4 and microwave applications. 5 Moreover, BST possesses a very large dielectric constant which is suitable for realization of field effect transistor ͑FET͒-type ferroelectric random access memory ͑FeRAM͒. 6 Most high-k materials suffer from inter-reactions with silicon substrates. The low dielectric interfacial layer not only significantly lowers the overall capacitance which limits the achievable lowest equivalent oxide thickness ͑EOT͒ value, but also increases the interface trap density and degrades the performance of the gate. 7 Therefore, the interfacial properties remain as the most serious problems to be solved.
One possible way to maintain the high quality interface is to grow an ultrathin SiO 2 layer before depositing the high-k film. Although this method provides lower interface traps, the total capacitance is also reduced. 8 On the other hand, nitridation treatment is a more efficient method because a small amount of nitrogen is considered to passivate the gate dielectric either in high-k materials or in the interfacial layer. 9, 10 It can suppress both of the leakage current and the interface reaction with Si of high-k materials.
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In order to improve the interface properties and suppress the interaction of BST with the silicon substrate, we performed a nitridation pretreatment on silicon substrates before the deposition of BST thin films. The improvement of the electrical characteristics and reliability are reported and discussed.
Experimental
Four-inch boron-doped p-type silicon ͑100͒, wafers were cleaned by the standard RCA process and dipped in 1% HF solution to remove the native oxide. SiO x N y 5 nm thick was then thermally grown at 950°C in pure N 2 O ambient in furnace. The gas flow rate of N 2 O was 4 slm ͑standard liter per minute͒. Before deposition of BST thin films, most of the sacrificial SiO x N y layers were removed by diluted 1% HF solution and 2 nm SiO x N y was left as an underlayer. The amount of nitrogen incorporation of the 2 nm SiO x N y layer was investigated by X-ray photoelectron spectroscopy ͑XPS͒ for N 1s spectra, as shown in Fig. 1 . The nitrogen incorporation concentration was determined to be 1.98%. In order to make a comparison, the non-nitrided silicon substrates were dipped into dilute 1% HF to remove the native oxide and put into the chamber immediately. Afterward, 30 nm BST thin films were deposited by rf magnetron-sputtering at the substrate temperature of 500°C, Ar/O 2 ratio = 80/20, working pressure = 10 mTorr, plasma power = 60 W. The thicknesses of the films was determined by the ellipsometer with a wavelength range between 300 ϳ 800 nm. The depth profiles and the extent of interdiffusion of nitrided and non nitrided samples were analyzed by Auger electron spectroscopy. For the electrical measurement, Pt, used as the top electrodes, was prepared by the wet lithography process. The area of the Pt top electrodes was 7.854 · 10 −5 cm 2 . For the fabrication of the bottom electrode, the back side of the silicon substrates was ion-implanted to improve its conductivity. Then the Pt was evaporated on the back side of the silicon substrates. The capacitance-voltage ͑C-V͒ properties of BST metal-insulator-semiconductor ͑MIS͒ capacitors at 1 MHz were measured using HP-4284A multifrequency LCR meter at room temperature. The ac signal for C-V measurement was 50 mV. The low frequency C-V measurements were performed by HP-4155. A Keithely 236 semiconductor parameter analyzer was applied for the dc current-voltage measurement and the breakdown tests.
Results and Discussion
X-ray diffraction ͑XRD͒ patterns are illustrated in Fig. 2a indicating that the as-deposited 30 nm BST thin films are typical perovskite structure phases, and all BST thin films are polycrystalline. The diffraction peaks of BST thin films are broad, which suggests that the crystallinity may not be good or the grain size is small. For crystalline high-k materials, the dielectric constant depends on surface morphology, in particular, the grain size of the thin films. The grain size of films generally decreases with decreasing film thickness. The BST showed marked dielectric constant degradation with decreasing film thickness. 12, 13 The surface morphology of the 30 nm BST thin films observed by atomic force microscopy ͑AFM͒ is shown in Fig. 2b . The grain size of BST thin films is very small, about 30-60 nm.
In order to clarify the interdiffusion condition, we used Auger electron spectroscopy ͑AES͒ to analyze the depth profile of the nitrided samples and the non-nitrided samples. The Auger depth profiles are shown in Fig. 3 . It was confirmed that the silicon atoms had diffused into BST thin films and the interfacial layers like SiO 2 mixed BST components were formed during high-temperature deposition. However, for the samples with N 2 O pretreatment, the diffusion profiles of BST and silicon were more abrupt than the nonnitrided sample. The SiO x N y layer was clearly seen between the BST thin films and the silicon substrate. The nitrogen was detected near the silicon interface, which matched with previous researches in the N 2 O nitridation process for silicon.
14 The AES depth profiles provide evidence that the nitridation pretreatment retards the interdiffusion of silicon and BST components.
The C-V properties of the Pt/BST/Si and Pt/BST/nitrided-Si capacitors are shown in Fig. 4a . Both of our BST samples showed low dielectric constants. This was partly due to the small grain size of the BST thin films, and partly due to the contribution of the interlayer. Similar results were observed by Tseng et al. 11 They deposited 20 nm STO on the silicon substrate and then rapidly thermal annealed it in a N 2 ambient at 650-800°C to improve the crystallinity of the films. The effective dielectric constant of the STO thin film was about 25. After performing high resolution transmission electron microscopy ͑HRTEM͒, they observed interfacial layers with thicknesses of about 1.9 nm. Since our samples were not further annealed after deposition, the grain sizes of BST thin films were too 
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Electrochemical and Solid-State Letters, 9 ͑2͒ G23-G26 ͑2006͒ G24 small to achieve a high dielectric constant. To determine the dielectric constants of the BST films, we deposited 30 nm thick BST films on Pt substrates under similar conditions. The determined dielectric constants were about 50. Using 50 as the dielectric constant, the thickness of interfacial layers was estimated to be about 3 nm.
The samples with N 2 O pretreatment had a higher accumulation capacitance which indicated lower EOT. The EOT of the capacitors was estimated as 5.96 and 6.78 nm, respectively, for the N 2 O pretreated and non-nitrided capacitors. The EOT of BST capacitors was decreased 12% by the N 2 O pretreatment. Figure 4a demonstrates that the flatband voltage shift of the N 2 O pretreatment sample is smaller than that of the non-nitrided sample. The smaller flatband voltage shift implied that the amount of fixed charge was reduced. 15 This phenomenon may be due to the inhibition of the interdiffusion between BST and the silicon substrate by the nitrogen incorporated SiO x N y buffer layer. Since the Si-N bond is stronger than the regular Si-O bond, the Si-N bonds are supposed to reduce the interdiffusion by preventing oxygen or other atoms from migrating through the film. Thus, an interfacial layer such as SiO x and ionized silicon atoms were depressed, and the interfacial property was improved. A higher effective k value and a lower amount of fixed charges were obtained. Figure 4b shows the leakage current of the N 2 O nitrided specimen and the non-nitrided one. The specimen with N 2 O pretreatment had a very low leakage current density ͑3 ϫ 10 −9 A/cm 2 at −1 MV/cm and 8 ϫ 10 −9 A/cm 2 at 1 MV/cm͒, which was only one-quarter to one-third the magnitude of the non-nitrided sample. It can be attributed to the improvement of the interface quality. It has been reported that the band offset of BST and Si is asymmetric. 16 The most serious problem is that the conduction band offset would be negative. Therefore, if the BST is directly deposited on silicon without any interface engineering, the leakage current density would be very large in the inversion region because there is no barrier to block the electrons from the silicon substrates to the gate. The ultrathin SiO x N y plays an important role in decreasing the leakage current of BST MIS capacitors. Its high bandgap 17 provides a sufficient barrier to prevent the large amount of electron flow through the oxide at positive bias. Figure 5 shows the C-V hysteresis curves of both samples. The hysteresis characteristics were measured by sweeping the gate voltage from the accumulation to the inversion region and then sweeping back. It can be seen that the hysteresis curves of both samples are counterclockwise but are not very obvious, especially, that of the nitrided specimens which have almost vanished. The C-V hysteresis with the counter clockwise direction indicates that either electrons are injected from the gate to the BST oxide or holes are injected from the silicon substrate to the BST oxide. This charge-trapping effect is directly proportional to the magnitude of the C-V hysteresis. Since the better interface properties are achieved by the nitridation pretreatment, the lower charge injection from the silicon substrates is expected.
The interface trap density ͑D it ͒ was calculated by the lowfrequency method 18 which combined quasi-static ͑low frequency͒ C-V measurement and 1 MHz ͑high frequency͒ C-V measurement. The D it of the N 2 O pretreatment sample ͑3.9 · 10 11 cm −2 eV −1 ͒ is lower than that of the non-nitrided sample ͑1.13 · 10 12 cm −2 eV −1 ͒. The results indicate that the SiO x N y serves as an excellent buffer layer so that the interface diffusion of the nitrided samples is suppressed, resulting in fewer interface defects and traps. Figure 6a shows the time zero dielectric breakdown ͑TZDB͒ results for nitrided and the non-nitrided samples. The nitrided samples have a higher breakdown strength ͑E BD = −4.67 MV/cm͒ than the non-nitrided samples ͑E BD = −3.42 MV/cm͒. In addition, for the time-dependent dielectric breakdown ͑TDDB͒ test as shown in Fig.  6b , the nitrided samples have a much longer life time than the nonnitrided samples. The extrapolated long-term life time indicates that the N 2 O nitrided samples can survive ten years at the stressed field at about −1.25 MV/cm ͑Vg = −3.75 V͒, but the non-nitrided samples fail in this TDDB test. The breakdown properties are closely related to the interface condition of the oxide and semiconductors. The large amount of interface traps and oxide defects would cause more charge trapping and charge injection to the oxide that would reduce the oxide life time. Since the interface traps and the fixed charges are reduced by the nitridation treatment, it is expected that the nitrided samples have better reliability and electrical performance.
Conclusions
In sum, we have investigated BST thin films deposited on bare silicon substrates and N 2 O-nitrided silicon substrates. The experimental results demonstrate that the BST capacitors with N 2 O nitridation pretreatment show smaller EOT and lower leakage current density. Moreover, the reliability issues such as flatband shift, hysteresis, interface traps, and breakdown properties are improved significantly. These results prove that the use of an ultrathin SiO x N y as a buffer layer before BST deposition can be an efficient method to suppress the interdiffusion and formation of the interfacial layer during high-temperature deposition BST high-k dielectrics.
